Microbiota and their hosts have coevolved for millions of years. Microbiota are not only critical for optimal development of the host under normal physiological growth, but also important to ensure proper host development during nutrient scarcity or disease conditions. A large body of research has begun to detail the mechanism(s) of how microbiota cooperate with the host to maintain optimal health status. One crucial host pathway recently demonstrated to be modulated by microbiota is that of the growth factor insulin like growth factor 1 (IGF-1). Gut microbiota are capable of dynamically modulating circulating IGF-1 in the host, with the majority of data suggesting that microbiota induce host IGF-1 synthesis to influence growth. Microbiota-derived metabolites such as short chain fatty acids are sufficient to induce IGF-1. Whether microbiota induction of IGF-1 is mediated by the difference in growth hormone expression or the host sensitivity to growth hormone is still under investigation. This review summarizes the current data detailing the interaction between gut microbiota, IGF-1 and host development.
Introduction
Microbiota is the collection of microbial species that inhabit a community, while the microbiome is the genetic content, or metagenome, contributed by the entirety of this community. The intestinal microbiota is the community that is best characterized and whose impact on host physiology has been explored most deeply through experimental perturbation, primarily in mouse models, and is the focus of this review. In humans, the contribution of the intestinal metagenome to the genetic material of a host is substantial, with approximately 150 times more genes represented by the metagenome than present in the host genome [1] . Although the phyla Bacteriodetes and Firmicutes dominate the community of organisms that comprise the gut microbiome is genetically diverse at the species level and varies substantially between individuals [1, 2] . Similarly, in mouse model systems, substantial facility to facility and even cage to cage variation in microbiota has been observed [3] . Thus, correlation of particular species or defined community with microbiota's impact on the host is challenging. Increasingly, metatranscriptomic and metabolomic approaches are employed in studying host-microbiota interactions. These approaches are likely to provide insights into microbial products or metabolic activities that can be provided by a variety of species, with the impact on the host determined by the level of the metabolite rather than on presence or absence of a particular species. Ultimately, these approaches have the potential to clarify mechanistic links between particular microbial communities and perturbations in host physiology [4, 5] .
Commonly recognized microbial metabolites include short chain fatty acids (SCFA), indole derivatives including serotonin, polyamines, and ATP. In addition, microbiota are capable of biochemically modifying host metabolites, for example bile acids. These microbial metabolites are documented to have a variety of effects on the host immune system and metabolism (recently reviewed in detail by Postler and Ghosh [6] ). In addition to relatively well-studied metabolites such as SCFA, numerous other metabolites in the mammalian intestinal lumen and plasma are dependent on the presence of microbiota, with approximately 10% of plasma metabolites altered by microbiota [7, 8] . Thus, microbiota generate numerous chemicals that, like hormones, can act at distal sites by entering the bloodstream. Moreover, microbiota indirectly regulate host-produced hormones including PYY, glucagon-like-peptide 1, leptin and ghrelin, as well as affecting the hypothalamic-pituitary-adrenal axis (recently reviewed by Clarke et al. [9] ), leading some to refer to the gut microbiota as an endocrine organ.
Work from a number of labs, including ours, has demonstrated that microbiota also influence levels of insulinlike growth factor 1 (IGF-1) and orthologs in drosophila, zebrafish, chicken and mouse [10] [11] [12] [13] [14] [15] . This work expands our understanding of microbiota's impact on the host endocrine system. IGF family members play an essential role in regulating skeletal development and postnatal growth as demonstrated by genetically modified mice lacking the genes encoding IGF-1 or its receptor, IGF-1R [16, 17] . A second ligand, IGF-2, also activates IGF1-R but functions predominantly in early embryogenesis [18] . Mice with germline loss of Igf1 are born runted and exhibit decreased post-natal growth rate and delayed skeletal ossification, demonstrating a critical role for IGF-1 in bone [17] . Loss of IGF1 in humans has been found to similarly result in severe growth retardation [19] . Mice lacking both IGF-1 and its receptor (Igf1
) phenocopy Igf1R −/− mice, suggesting that IGF-1 acts solely through the IGF-1R [16] .
The IGF-1R is present in many cell types within the skeleton, with tissue-specific deletion of IGF-1R in several lineages giving rise to bone phenotypes. Deletion of IGF-1R in chondrocytes (using Col II-Cre) leads to growth defects, with both growth plate abnormalities and less skeletal mineralization [20] . Deletion in IGF-1R in early osteoblasts (using Osx-Cre) impaired osteoblast proliferation and early maturation, leading to trabecular bone loss and undermineralization [21] , while deletion in mature osteoblasts (using Ocn-Cre) results in an increased proportion of osteoid and decreased trabecular bone [22, 23] , consistent with a role for IGF-1 promoting osteoblast proliferation, both early and late differentiation, and coupling matrix production to mineralization.
IGF-1 has long been recognized as a key mediator of skeletal growth, with evidence supporting IGF-1 actions via endocrine, paracrine, as well as autocrine fashion. Circulating IGF-1 is primarily synthesized by the liver in response to growth hormone. The majority of IGF-1 in circulation is bound in a ternary complex with IGF binding protein 3 (IGFBP3) and acid labile subunit (ALS), with only a small proportion bound to other IGFBP or free. IGF-1 is also produced in peripheral tissues, including muscle and bone [24] . Initially, the importance of circulating IGF-1 for bone turnover and skeletal development was unclear, as tissue-specific deletion of IGF-1 in liver decreased circulating IGF-1 levels by 70% without impairing skeletal growth or mineralization [25] . The likely importance of autocrine/ paracrine functions of IGF-1 in the skeleton was highlighted by demonstration that overexpression of IGF-1 in osteoblasts is sufficient to increase bone formation and promote mineralization, while selective loss of IGF-1 in osteocytes (using Dmp1-Cre) results in decreased bone turnover, diminished bone mineral content and loss of response to load [26, 27] . Both autocrine and paracrine functions of IGF-1 seem to be required for optimal osteoclast differentiation [28] . Although this data suggests that local IGF-1 trumps circulating IGF-1 in skeletal regulation, other data strongly support a role for circulating IGF-1 in controlling bone. Serum IGF-1 levels correlate well with bone mineral content in healthy children [29] , and declining hepatic IGF-1 production has been invoked as one mechanism of osteopenia in cirrhosis [30] . A threshold level of circulating IGF-1 appears to be required for normal linear growth and bone turnover, however, as elimination of both liver IGF-1 and ALS (which is known to prolong the half-life of IGF-1) causes further decreases in IGF-1 serum levels and results in decreased bone length, periosteal circumference and bone density [31] . Moreover, mice heterozygous for Igf1 demonstrated lower serum IGF-1 levels and decreased cortical thickness and tissue bone mineral density, which were rescued by exogenous IGF-1 injection [32] . Thus, the work of a number of investigators in both mice and humans suggests that modulation of circulating IGF-1 can impact skeletal growth and bone turnover.
The major factors regulating circulating IGF-1 is the induction of liver IGF-1 production in response to GH, and regulation of half-life by ALS, which is also produced in the liver in response to GH. Little is known about other pathways by which circulating IGF-1 levels could be modulated. Recently, data from experiments using germ-free and antibiotic-treated animals in several evolutionarily divergent species have accumulated implicating gut microbiota in the regulation of IGF-1 levels.
Microbiota Induced IGF-1 Signaling in Drosophila Larval Development
The initial evidence suggesting that microbiota can affect host IGF-1 production comes from two complementary studies in the invertebrate Drosophila melanogaster [10, 14] . Insulin and insulin-like growth factor pathways are highly conserved throughout the animal kingdom with orthologs in a wide variety of species, including Drosophila. Insulin/ insulin-like growth factor signaling (IIS) plays an important role in regulating growth and metabolism in Drosophila, with the Drosophila homolog of IGF-1 being Drosophila insulin-like peptides (dILPs).
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Drosophila has a relatively simple gut microbiota community. The adult midgut is typically in stable contact with a symbiotic commensal community composed of 5-20 different microbial species that consist primarily members of the Acetobacter and Lactobacillus genera. Utilizing a laboratory-raised Drosophila that harbors five bacterial species, Shin et al. examined the host growth rate and body size in conventionally reared and germ-free fruit fly [14] . They found that the time to develop from larvae to puparium is longer for germ-free larvae than for conventional larvae, although body size is not affected. However, on a diet containing < 1% yeast the germ-free larvae were < 10% of the size of corresponding conventionally raised larvae and died at first instar. By colonizing germ-free larvae with individual bacterial species, they demonstrated that colonization with Acetobacter pomorum alone was sufficient to restore the host developmental rate and body size under nutrient-poor conditions to comparable to larvae harboring all of the 5 species. A similar requirement for gut microbiota under nutrient deprivation was reported by Storelli et al. [10] . They found that the Drosophila commensal Lactobacillus plantarum rescued larval lethality on nutrient-poor diet containing 0% yeast. Furthermore, monoassociation with L. plantarum but not Enterococcus faecalis or a second strain of L. plantarum, was sufficient to promote larvae growth under nutrient poor (10% yeast) conditions. These data demonstrate that a single Drosophila commensal bacterial species is sufficient to recapitulate the beneficial growth effects of convention gut microbiota under nutrient-poor conditions. To address the mechanism by which monocolonization with a given species rescued growth, Shin et al. established a draft genome sequence for A. pomorum, generated a library of mutants via transposon-mediated random mutagenesis and screened mutants for lack of growth promotion under nutrient-free conditions [14] . They identified the pyrroloquinoline quinone-dependent alcohol dehydrogenase (PQQ-ADH)-dependent oxidative respiratory chain pathway as essential for the effects of A. pomorum on larval development under nutrient-poor conditions.
Monoassociation with an A. pomorum mutant in this pathway, P3G5, resulted in adults with smaller wings, reduced cell size and number, and smaller intestines, a phenotype similar to that of flies deficient in IIS signaling. In fact, A. pomorum induced IIS activation while P3G5 did not. Restoring IIS activity through ectopic overexpression of Drosophila insulin-like peptide 2 (DILP2) largely rescued the growth phenotype of P3G5-monoassociated flies, suggesting that a key difference between PG35 and wild-type A. pomorum is the ability to induce dILP and activate downstream pathways that enhance larval growth under nutrient-poor conditions, although it cannot be ruled out that DILP2 overexpression non-specifically bypasses the growth defect of P3G5-monoassociated flies. Interestingly, DILP2 overexpression did not rescue developmental defects in germ-free flies, suggesting that microbiota may activate additional host pathways necessary for growth during nutrient deprivation [14] . Storelli et al. similarly identified increased dILP activity as the mechanism by which L. plantarum rescues larval development during undernutrition [10] . Using lnR gene expression as a readout of systemic dILP activity, they found that L. plantarum association correlates with increased systemic InR signaling during larval growth and L. plantarum colonization is sufficient to induce dILP activity. Taken together, the work of these two groups supports the concept that gut microbiota regulate host IGF signaling to influence growth.
Lactobacillus Species Induce IGF-1 and Promote Growth in Vertebrates
Subtherapeutic antibiotics, which modulate the gut microbiota, have been widely used to enhance growth in livestock.
With rising concerns about antibiotic resistance, modulation of livestock gut microbiota by feeding with prebiotics (non-digestible dietary fiber and oligosaccharides), probiotics (microorganisms) and combinations of both have been investigated as an alternative means to enhance productivity. Supplementing the feed of broiler chickens with either of two strains of L. plantarum along with the prebiotic inulin increased body weight and enhanced the expression of IGF-1 in the liver [13] . Although circulating IGF-1 was not directly measured, the 3-5 fold increases in liver IGF-1 transcript observed in supplemented animals would seem likely to increase serum IGF-1 levels. A growth-promoting effect of another Lactobacillus species, L. rhamnosus, a commonly used probiotic, was demonstrated in zebrafish [15] . Addition of live L. rhamnosus to tank water resulted in detection of L. rhamnosus in the gastrointestinal tract. Treated fish demonstrated increased body length, weight and enhanced calcification of the vertebrae, along with increased transcription of IGF1 and IGF2 in larvae [15] . Thus, a correlation between gut microbiota, IGF levels and growth appears to be conserved from invertebrates to vertebrates.
Microbiota Induced IGF-1 Signaling in Mammalian Post-natal Growth and Skeletal Development
IGF-1 is a critical growth factor that controls postnatal growth in mammals. Studies in mice demonstrate that circulating IGF-1 levels are significantly higher in mice with an intact gut microbiota (conventionally raised mice) compared to germ-free (GF) mice. As expected, lower IGF-1 in GF mice was correlated with decreased linear growth and body weight, suggesting that in mammals the gut microbiota is required to ensure optimal growth. Skeletal development was impacted, with decreased femur length, cortical thickness and trabecular bone seen in GF mice compared to conventionally raised animal [12] . The critical role of IGF-1 for growth promotion by gut microbiota was demonstrated in two ways. Administering recombinant IGF-1 to germ-free mice after weaning promoted the body growth and femur length, while blocking IGF-1 signaling pathway with an inhibitor of IGF-1R in conventionally raised mice diminished the growth benefit of colonization [12] . Moreover, modulating the gut microbiota can dynamically modulate circulating IGF-1 and affect bone formation in adult mice. Our group recently demonstrated that reconstitution of adult GF mice with convention microbiota led to significantly higher levels of serum IGF-1 compared to littermates that remained GF [11] . Conversely, treatment with broadspectrum antibiotics decreased serum IGF-1 compared to the control mice. Treatment with oral vancomycin, which targets intestinal Gram-positive bacteria, as sufficient to decrease circulating IGF-1, narrowing the microbiota association with circulating IGF-1 levels to Gram-positive species. Increased serum IGF-1 after colonization of GF mice was accompanied by increases in the serum marker of bone formation marker, N-terminal propeptide of type I collage (P1NP) while antibiotic treatment decreased P1NP, suggesting that decreases in circulating IGF-1 negatively affected bone formation. Consistent with the increase in IGF-1 and P1NP, microbiota colonization increased host bone formation rate and led to increased femur length [11] . This data suggests the possibility that manipulation of gut microbiota composition could be used to promote IGF-1 production and growth.
As in flies, the gut microbiota in mice appears to be particularly important under conditions of nutrient deprivation. Mouse juvenile growth under conditions of malnutrition is significantly impaired in the absence of microbiota [12] . Similar to the observations in Drosophila, gnotobiotic mice monoassociated with L. plantarum alone can maintain mouse growth upon malnutrition, suggesting an evolutionarily conserved nutrient-sensing endocrine pathway that regulates juvenile growth [12] .
Studies have not uniformly found a positive correlation between microbiota, IGF-1 and skeletal growth. A recent study found increased serum IGF-1 and bone Igf1 expression in GF compared to conventional mice, with GF mice having a corresponding higher bone formation rate and trabecular bone volume consistent with higher circulating IGF-1 [33] . In this study, it is important to note that C57BL/6 mice from Taconic were used [33] , while the hybrid strain CB6F1 or BALB/c mice were used in the studies demonstrating an increase in IGF-1 in colonized mice [11, 12] . Therefore, the difference in the impact of microbiota on IGF-1 and skeletal remodeling seen in this study and those results discussed above could be due to the different strain backgrounds used and/or to differences in the composition of the gut microbial community between facilities [34] . This points to the difficulty in making conclusive statements about the effect of gut microbiota on host physiology when the identity of the microbiota or microbial product affecting the host are poorly defined.
Microbiota Induced IGF-1 Ameliorates Muscle Wasting in DSS Colitis
Microbiota induction of host IGF-1 could have many benefits for the host, including protection during disease challenges. The microbial community present in the mouse intestine is well documented to vary between different animal facilities, and multiple examples have been reported where disease phenotype is modulated by the different microbiota across facilities. Treatment with dextran sulfate sodium (DSS) is used to induce inflammatory bowel disease in mice. DSS treated C57BL/6 mice from Jackson exhibit muscle and fat wasting with weight loss, and treatment with broad-spectrum antibiotic cocktail has no significant impact on disease severity. In contrast, antibiotic treatment protects DSS treated C57BL/6 mice maintained at UC Berkeley from weight loss, consistent with decreased disease severity. Co-housing the antibiotictreated Jackson mice with Berkeley mice protected the Jackson mice from wasting, strongly suggesting that the microbiota composition may account for the difference between mouse colonies [35] . The investigators then used 16S rRNA sequencing to identify an E. coli O21:H+ strain that is absent in antibiotic-treated Jackson but not Berkeley mice. Monoassociation of germ-free mice with this E. coli O21:H+ strain protected DSS treated mice from wasting, including muscle wasting. Like DSS treatment, S. typhimurium and B. thailandensis infections causes muscle wasting in Jackson C57BL/6 mice that is rescued by colonization with E. coli O21:H+ [35] . To understand the protective mechanism, the investigators performed RNA sequencing analysis of leg muscles after S. typhimurium infection and found that E.coli O21:H+ colonized mice had evidence of increased IGF-1 signaling compared with infected control mice. In fact, the decrease in circulating IGF-1 after infection was ameliorated by colonization. The causal role of increased IGF-1 in protection from muscle wasting was demonstrated by the loss of the E.coli O21:H+ protective effect in mice treated with an IGF-1 neutralizing antibody [35] . Thus, the effect of pathogenic infection on host circulating IGF-1 can be modulated by the presence of specific microbiota to alter the expression of disease.
Multiple Host Organs/Tissues Coordinate to Produce IGF-1 in Response to Microbiota
In Drosophila, dILPs are produced by the larval fat body, the Drosophila counterpart of liver and adipose tissue. While liver is the primary source of circulating IGF-1 in mammals, as discussed above, bone and muscle cells can also produce IGF-1 locally to elicit autocrine and paracrine effects on postnatal growth. Additionally, whiteadipose-tissue (WAT) has been reported to be capable of producing IGF-1 in sufficient amounts to impact circulating IGF-1 [36] .
The effect of gut microbiota on host IGF-1 production by various tissues has been examined by a number of investigators. Different microbiota or host conditions may impact IGF-1 production by individual tissues more or less, though comparisons between studies are limited by the limitations in which tissues were assessed and differences in method of assessment (transcript level versus protein level per gram of tissue versus protein produced per organ).
Expression of Igf1 is higher in the liver from conventional juvenile mice compared to GF juveniles [12] . Similarly, liver Igf1 expression was higher in chickens fed L. plantarum with the probiotic inulin [13] and colonization of adult GF mice with conventional microbiota significantly increased IGF-1 production by the liver [11] . Colonization of GF mice also increased IGF-1 production in WAT, as measured in the abdominal fat pad [11] . IGF-1 mRNA and protein levels in WAT were substantially and significantly higher in E. coli O21:H+ colonized animals after infection, though liver Igf1 expression was unchanged [35] . Muscle is also a source of IGF-1, and muscle Igf1 expression was higher in conventional compared to GF juvenile mice, but was not altered by colonization of adult GF mice with conventional microbiota or by E. coli O21:H+ colonization [11, 12, 35] .
Microbiota-mediated changes in local IGF-1 could also play an important role in regulating bone remodeling. In our recent study, we proposed that microbiota promote bone growth through not only systemic but also local IGF-1 production. We found that upon colonization with conventional microbiota there is a significant increase in bone marrow Igf1 expression. The expression of Runx2, a downstream target gene of IGF-1 was also significantly increased in bone from colonized mice [11] . In contrast, in the report which showed that there is a negative association between microbiota and bone growth, Igf1 expression was found to decrease in SPF compared to GF bone marrow and calvaria [33] . Together, these data indicate that changes in local Igf1 expression correlates with the effect of microbiota on bone.
The Mechanism of IGF-1 Induction by Microbiota
How microbiota induce IGF-1 systemically and locally is still under investigation. IGF-1 is downstream of growth hormone during postnatal development [24] . Whether microbiota-mediated IGF-1 production is dependent on growth hormone is unclear. Circulating growth hormone was similar in germ-free mice, conventional raised mice and colonized mice, despite the substantial differences in IGF-1 levels [11, 12] . Similarly, serum growth hormone in B. thailandensis infected mice is not altered by E. coli O21:H+ colonization, suggesting growth hormone independent modulation of IGF-1 levels by E. coli colonization. Although growth hormone levels of GF and L. plantarum monoassociated mice are similar, the tissue response to growth hormone, as assessed by expression of Ghr and transcriptional targets of growth hormone signaling, is impaired. Thus, in the absence of microbiota the activity of the somatrotropic axis may be impaired due to a growth hormone resistance state. Together, these data suggest that alterations in IGF-1 production and function in response to microbiota are not mediated solely by changes in growth hormone levels.
As gut microbiota are affecting IGF-1 production in distant tissues, and given the many different bacterial species implicated in modulating IGF-1 levels, it seemed likely that a microbial metabolite produced in common by each of these species could provide the mechanistic link between gut microbiota and regulation of host IGF-1. An excellent candidate was SCFA (acetate, propionate and butyrate), abundant microbial metabolites produced by fermentation of non-digestible dietary fibers. Butyrate is a major energy source for enterocytes, and SCFA act both locally in the gut but also enter the circulation and can act distantly. SCFA can modulate host cell function either by activation of their cognate G protein-coupled receptors (GPR41, GPR43 and GPR109) or by acting as inhibitors of histone deacetylase [37] . Cecal concentrations of SCFA are higher in conventionally raised compared to GF mice [38, 39] . We found that colonization of GF mice did result, as expected, in increases in cecal SCFA, which were decreased by broad-spectrum antibiotics and vancomycin treatment of conventional mice [11] . As cecal SCFA concentration roughly correlated with trends in serum IGF-1, we tested if SCFA supplementation was sufficient to increase circulating IGF-1 in antibiotictreated mice. After 4 weeks of supplementation with SCFA in the drinking water, serum IGF-1 levels were higher in SCFA supplemented antibiotic-treated mice compared to antibiotic only controls. Similar to colonization of GF mice, SCFA supplementation increased adipose tissue IGF-1 production and resulted in a trend toward increased liver IGF-1 production [11] . Thus, we hypothesize that microbiota produced SCFA act either directly or indirectly on host liver and adipose tissue to increase circulating IGF-1 levels and promote growth and skeletal development (see Fig. 1 ). However, despite broad-spectrum antibiotics, some gut microbiota species remain and it is not possible to definitively conclude that SCFA are sufficient to induce IGF-1, and it is likely that additional microbiota-host interactions contribute to the increased IGF-1 production by host tissues.
Work from other groups in a variety of species supports a connection between microbiota produced SCFA and either circulating IGF-1 or skeletal health. In Drosophila, the mutant P3G5 monoassociated flies showed impaired production of acetate, and supplementation with acetic acid reversed the growth defects in P3G5 colonized flies, suggesting a role for SCFA in the growth promotion and increased dILP signaling [14] . In chickens, feeding with the combination of probiotics and L. plantarum significantly increased fecal SCFA, particularly acetate [13] . In mice, supplementation with either L. rhamnosus, L. reuteri or a defined community including a number of Lactobacillus species, prevented sex-steroid deficiency induced bone loss [40, 41] . Additionally, there are many reports that feeding with probiotics, non-digestible fiber and oligosaccharides that are fermented into SCFA, promotes skeletal health, a topic recently thoroughly reviewed by McCabe et al. [42] . Although the presence of microbiota and production of SCFA are correlated with growth and/or induction of IGF-1 in a number of species and across a variety of experimental manipulations, existing data suggest that other mechanism(s) likely exist by which microbiota regulate IGF-1, growth and skeletal development. In fact, in the case of E. coli O21:H+ colonization, this species colonized WAT after host infection with B. thailandensis [35] , suggesting that microbiota may directly induce IGF-1 production by adipose tissue. Furthermore, supplementation with acetic acid, a precursor for acetate, could not rescue the growth phenotype of GF flies, Fig. 1 Schematic of the connection of gut microbiota, host IGF-1 and effects on bone. Gut microbiota produced short chain fatty acids (SCFA), and possibly other yet to be identified microbial metabolites, act on liver and adipose tissue to induce production of insulin-like growth factor 1 (IGF-1), which in turn acts on bone cells to influence linear growth, bone mass and mineralization. Additionally, metabolites could act directly on bone and muscle, inducing local IGF-1 production. Whether the effect of SCFA on host IGF-1 is mediated by their G-protein coupled receptors (GPR) is not known. Microbial metabolites including SCFA may also have as yet unappreciated effect on growth hormone (GH) release from the pituitary, promoting liver IGF-1 production. Further, it is possible that the well-documented effects of SCFA on the immune system indirectly influence host growth and skeletal development in contrast to P3G5 monoassociated flies [14] , suggesting that other microbiota-host interactions contribute to growth phenotypes. For example, undernutrition has been linked to low IGF-1 levels and GH resistance (reviewed by Fazeli and Klibanski [43] ), and it is possible that the composition of microbiota alters either the ability to extract nutrients or the host response to nutrients, which could indirectly impact IGF-1 levels.
Future Directions
The idea that manipulation of the gut microbial community by supplementing with specific bacterial species or defined microbial communities, with or without probiotics, could be used to treat osteopenia or growth deficits in children is extremely attractive as it would take advantage of endogenous host regulatory circuits. Additionally, it is likely to have high acceptability to patients because of the perception that it is a "natural" treatment and the general popularity of probiotic supplementation with the public. While pre-clinical data suggesting that this could be possible is exciting, a substantial number of unknowns remain to be answered before this type of therapy could be rationally proposed.
At the most basic level, it is not yet clear whether particular species of microbes are required to induce host IGF-1, or if the key factor is the capacity of an individual's gut microbiota to produce certain metabolites. Metagenomic and metabolomic approaches could be extremely informative as to the common downstream effects of the many microbiota species shown to affect IGF-1 levels in a variety of species. While SCFA are clearly implicated in the mechanism by which microbiota modulate host IGF-1, elucidation of the mechanism by which SCFA modulate host IGF-1 production is an area requiring further investigation. Whether all three SCFA are equally important in this pathway is not clear. Further, it is not known if SCFA alters liver and adipose IGF-1 production through direct effects on liver and fat or indirectly through actions on enterocytes or immune cells. Mechanistically, whether the relevant activity of SCFA is inhibition of histone deacetylases or activation of their G protein-coupled receptors is not clear, though circulating IGF-1 in GPR109-deficient mice is similar to that of wild-type littermate controls suggesting that GPR109 at least is dispensable for host IGF-1 production [44] . Perhaps the most significant outstanding question is whether SCFA are sufficient to induce host IGF-1 in the absence of any gut microbiota or whether other microbiota-host interactions influencing IGF-1 remain to be discovered. The data from flies would suggest that SCFA may not be sufficient. Whether SCFA supplementation was not sufficient to rescue growth defects in GF flies because supplementation was solely with acetate precursors, because microbiota effects on gut maturation are required for host response to SCFA or whether this reflects a requirement for activation of a second microbe-host pathway to promote IGF-1 production and host growth is unclear. Future studies incorporating metabolomics and metagenomic tools, as well as a more detailed examination of host response to colonization with defined microbial communities or treatment with microbial metabolites will hopefully answer these questions and raise new and exciting areas for additional investigation.
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